The chemical conversion of the top surface of n-octadecyltrimethoxy silane self-assembled monolayers (ODS-SAMs) on oxide-covered Si substrates using active oxygen species generated from atmospheric oxygen molecules irradiated with vacuum ultraviolet (VUV) light at 172 nm in 2 wavelength has been studied on the basis of water contact angle measurements, ellipsometry, X-ray photoelectron spectroscopy, and atomic force microscopy. An ODS-SAM whose water contact angle was 104˚ on average was prepared using chemical vapor deposition with substrate and vapor temperatures of 150 ˚C. The VUV treatment of an ODS-SAM sample was carried out by placing the sample in air and then irradiating the sample surface with a Xe-excimer lamp. The distance between the lamp and the sample was regulated so that the VUV light emitted from the lamp was almost entirely absorbed by atmospheric oxygen molecules to generate active oxygen species, such as ozone and atomic oxygen before reaching the sample surface. Hence, the surface chemical conversion of the ODS-SAM was primarily promoted through chemical reactions with the active oxygen species. Photochemical changes in the ODS-SAM were found to be the generation of polar functional groups, such as -COOH, -CHO, and -OH, on the surface and the subsequent etching of the monolayer. Irradiation parameters, such as 3 irradiation time, were optimized to achieve a better functionalization of the SAM top surface while minimizing the etching depth of the ODS-SAM. The ability to graft another SAM onto the modified ODS-SAM bearing polar functional groups was demonstrated by the formation of alkylsilane bilayers. KEYWORDS: self-assembled monolayer (SAM), surface chemical conversion, vacuum ultraviolet (VUV) light, ozone, atomic oxygen, X-ray photoelectron spectroscopy (XPS)
Introduction
Organosilane self-assembled monolayers (SAMs) are expected to be used as high-resolution resist films because they provide a compact ultrathin layer. In addition, organosilane SAMs are of particular interest in a variety of applications, for example, corrosion protection, 1) microfluidics, 2,3) protein adsorption, 4) chromatography, 5) chemical 4 sensors, 6, 7) and molecular electronics. [8] [9] [10] [11] Organosilane films produced by self-assembly offer the great advantage of structural stabilization via multiple covalent and hydrogen bonds. 12) In contrast, self-assembled multilayers are expected to have functionalities that are not present in monolayers. For example, it is inferred that, owing to their in-plane molecular mobility, silane films might have the ability to self-heal to prevent structural defects in individual layers in a multilayer structure. These extremely robust and versatile materials are therefore remarkable candidates for the design of complex molecular architecture that might have a large impact on future nanotechnologies. [12] [13] [14] Such multilayers have been formed through a layer-by-layer self-assembly process, which can usually be carried out using one of two methods. One method is the forming of a SAM on a SAM that has active functional terminal groups. [15] [16] [17] [18] [19] In the other method, the top surface, i.e., the terminal groups, of the first SAM, are modified before the formation of the second SAM; [20] [21] [22] here, SAMs are reformed through various types of 5 irradiation, such as UV-light, 23, 24) X-ray, 25, 26) electron, 20, 27, 28) and plasma irradiation. [29] [30] [31] Howevers, the surface modification of organosilane SAMs has hardly been studied.
In our previous paper, 21, 22) we investigated the vacuum ultraviolet (VUV) photodegradation of alkyl monolayers in the presence of atmospheric oxygen molecules. Here, VUV light of 172 nm in wavelength excites atmospheric oxygen molecules, resulting in the generation of ozone molecules as well as oxygen atoms in singlet and triplet states [O(1D) and O(3P), respectively], as described in the following equation. 32 In the present study, VUV light and VUV-light-generated active oxygen species were used to chemically introduce polar functional groups on the surface of alkylsilane SAMs. For the VUV irradiation of these SAMs, we have employed a particular set up, in which VUV light did not directly irradiate the SAM surface. Consequently, only the VUV-light-generated active oxygen participated in the oxidation of the SAMs, as schematically illustrated in Fig. 1 . Furthermore, we attempted to stack another organosilane SAM on the VUV-light-treated SAMs using the silane coupling method, [33] [34] [35] [36] [37] in which the introduced functional groups work as reaction sites.
Experimental Procedure 7
The n-octadecyltrimethoxysilane self-assembled monolayers (ODS-SAMs) were prepared on silicon (Si) substrates by chemical vapor deposition. 38) Si(100) substrates (phosphorus-doped n-type wafers with a resistivity in the range of 1-10 Ω cm) covered with a native thin oxide layer (ca. 2 nm) were cleaned using a UV/ozone cleaning method 39) and nm. Detailed properties of the vapor-phase grown ODS-SAMs have already been reported. 40, 41) The VUV-light-exposure apparatus for ODS-SAM-coated samples is illustrated in Fig. 2 . We used an excimer lamp as a source of VUV light at a wavelength of 172 nm (Ushio., UER20-172V; intensity at the lamp window, 10 mW cm -2 ) as a light source. In our VUV-lightexposure system, the chamber was filled with ambient air, and the distance between the lamp window and the sample surface was fixed at 30 mm. The optical absorption coefficient at 172 nm in wavelength was reported to be in the range of 10 -15 cm -1 atm -1 (at a partial pressure of 0.2 atm, namely, in ambient air). 41) The transmittance of 172 nm light through a 10 mm-thick air layer was calculated to be in the range of 5 -13%. Its experimental value was about 10%, according to our shown in Fig. 3(b) .
This VUV-irradiated surface chemical conversion of ODS-SAMs was studied in more detail using XPS. Figure 4 shows expected to hardly be absorbed by ODS-SAMs, that consist of saturated hydrocarbon molecules. 45) We have also confirmed that no apparent change was recognized in the ODS-SAMs by VUV irradiation at 172 nm in vacuum. Therefore, we conclude that such a small number of photons, that is, tens of photons per molecule, had almost no effect on the chemical changes of the ODS-SAMs.
In order to prove the ability to graft another set of organic compounds onto the VUV-light-functionalized SAM, a second layer of ODS molecules was grafted. The evolution of the surface conversion was studied by measuring the water contact angle and film thickness (Fig.   7 ). The presence of polar functional groups on the modified surface should allow the grafting of alkylsilane molecules. Indeed, as shown in Fig. 7(a 
